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Debate rages as to whether habitat fragmentation leads to the decline of biodiversity
once habitat loss is accounted for. Previous studies have defined fragmentation
variously, but research needs to address “fragmentation per se,” which excludes
confounding effects of habitat loss. Our study controls for habitat area and employs
a mechanistic multi-species simulation to explore processes that may lead some
species groups to be more or less sensitive to fragmentation per se. Our multi-land-
cover, landscape-scale, individual-based model incorporates the movement of generic
species, each with different land cover preferences. We investigate how fragmentation
per se changes diversity patterns; within (alpha), between (beta) and across (gamma)
patches of a focal-land-cover, and if this differs among species groups according to
their specialism and dependency on this focal-land-cover. We defined specialism as the
increased competitive ability of specialists in suitable habitat and decreased ability in
less suitable land covers compared to generalist species. We found fragmentation per
se caused an increase in gamma diversity in the focal-land-cover if we considered all
species regardless of focal-land-cover preference. However, critically for conservation,
the gamma diversity of species for whom the focal land cover is suitable habitat
declined under fragmentation per se. An exception to this finding occurred when
these species were specialists, who were unaffected by fragmentation per se. In
general, focal-land-cover species were under pressure from the influx of other species,
with fragmentation per se leading to a loss of alpha diversity not compensated for
by increases in beta diversity and, therefore, gamma diversity fell. The specialist
species, which were more competitive, were less affected by the influx of species and
therefore alpha diversity decreased less with fragmentation per se and beta diversity
compensated for this loss, meaning gamma diversity did not decrease. Our findings
help to inform the fragmentation per se debate, showing that effects on biodiversity can
be negative or positive, depending on species’ competitive abilities and dependency
on the fragmented land cover. Such differences in the effect of fragmentation per se
would have important consequences for conservation. Focusing conservation efforts on
reducing or preventing fragmentation in areas with species vulnerable to fragmentation.
Keywords: species diversity, fragmentation per se, individual-base model, specialisation, habitat association,
habitat preference, movement ecology, simulation
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INTRODUCTION
Humans have modified over 75% of the global land area, and
the resulting habitat loss and degradation are recognized as the
principal drivers of biodiversity declines (IPBES, 2018). A major
consequence of landscape modification is that, aside from
declines in habitat area, previously large blocks of natural habitats
have become fragmented into smaller patches within a matrix of
human-modified land-use such as farms and cities (Haddad et al.,
2015). It is clear that habitat loss reduces species diversity, simply
by shrinking the areas in which species using that habitat can live
(MacArthur and Wilson, 1967; Hodgson et al., 2011; Keil et al.,
2015). However, the effect of fragmenting habitats is less clear.
“Fragmentation per se” (FPS) refers to the effects of fragmentation
after taking account of, or in the absence of, habitat loss (Fahrig,
2003). Put another way, if there is no habitat loss, FPS comprises
the altered spatial configuration of habitat, such that remaining
patches are smaller but more numerous. The conservation
literature has been focused on fragmentation in general being
detrimental to biodiversity (Lawton et al., 2010; Eigenbrod et al.,
2017). However, debate continues as to whether the effect of
FPS on biodiversity is always negative (Fletcher et al., 2018a), or
whether it is insignificant or positive (Fahrig, 2017; Fahrig et al.,
2019). In reality, FPS and loss of habitat are intrinsically linked
(Fletcher et al., 2018a). Nonetheless, separating the effects of FPS
from those of area loss and assessing under what circumstances
FPS leads to higher or lower species diversity are important for
conservation decisions, such as restoration of habitat networks
(Isaac et al., 2018) and the choices made by land managers about
where to focus conservation efforts. Decisions include whether to
conserve multiple small or fewer large habitat patches (Tulloch
et al., 2016) or to allow activities that may limit loss of habitat,
but increase fragmentation (Miller-Rushing et al., 2019). While
there has been speculation about the mechanisms by which
FPS may have positive or negative effects on biodiversity, these
mechanisms require theoretical development and testing.
For example, understanding how positive vs. negative effects
of FPS on diversity is driven by species’ characteristics such
as ecological specializations and habitat associations will aid
decisions about how to manage specific landscapes. It is often
assumed that specialist species and those that are positively
associated with the habitat that is becoming fragmented should
be negatively affected by FPS (Kosydar et al., 2014; Halstead
et al., 2019). If studies report a positive effect of FPS on
biodiversity, one explanation given is that species richness and
abundance of generalists increases with habitat fragmentation,
leading to this rise in diversity (Hu et al., 2012). But in 97% of
the studies considered in a review by Fahrig (2017), FPS had
a positive effect on the landscape-level (gamma) diversity of
apparently specialist, rare, or threatened species. This could be
because FPS allows for separation of otherwise competing species
among habitat patches within the landscape (Ramiadantsoa et al.,
2018). However, this mechanism requires more clarity as to the
distinction between specialists and generalists. Specialists and
generalists are often defined by an association with a particular
habitat or with many, respectively, but this association is open to
interpretation (Da Silveira et al., 2016). Being a generalist does
not mean the species has no habitat preferences (Townsend et al.,
2008; Da Silveira et al., 2016). Chetcuti et al. (2019) analyzed
the habitat associations of hundreds of beetle species, showing
most species had a positive association with several habitats,
and only a few species showed a strong restriction to only a
narrow range of habitats. It is also often assumed that specialists
are more competitive when in a preferred or more suitable
habitat compared to generalists, but the generalists are more
competitive on average across multiple habitats (Marvier et al.,
2004). Here we assess responses to FPS using clear definitions:
specialists are more competitive in their suitable habitats than are
generalists, but less competitive than the generalists elsewhere,
even where the species may share the same habitat preferences
within a landscape.
A further issue concerning mechanisms is relating patch-scale
effects to landscape-scale impacts of fragmentation. Long-term
manipulation experiments usually show that patch attributes
typically associated with fragmentation (e.g., reduced patch size)
reduce biodiversity at the scale of an individual patch, i.e., alpha-
diversity (Haddad et al., 2015; Fletcher et al., 2018a; Damschen
et al., 2019). However, it has been suggested that mechanisms
identified in patch-scale studies may not extrapolate to negative
effects on biodiversity at the landscape scale (Fahrig, 2017).
Indeed, at the landscape scale, containing multiple patches of a
habitat, Fahrig (2017) reported that different studies find either a
neutral or a positive response of biodiversity (gamma-diversity)
to FPS (Fahrig, 2017). By contrast, the species-fragmented area
relationship suggests that negative effects of FPS should reduce
gamma-diversity compared to that predicted by the species-area
relationship alone (Hanski et al., 2013). However, patch-scale
studies and the modeling that describes the species-fragmented
area relationship do not take into consideration mechanisms
that can lead to positive effects of fragmentation, such as
increased beta-diversity caused by competitive release and higher
habitat diversity (Fahrig et al., 2019; Rybicki et al., 2019). These
mechanisms may increase beta-diversity and thus lead to overall
increases in gamma-diversity with FPS.
It can be difficult to separate the effects of habitat area
loss from those of FPS, as highly fragmented habitats are
often in smaller patches (Fahrig, 2003). In general, conducting
manipulative landscape-scale studies is difficult and it is often
impossible to control for habitat area, which results in a
confounding of FPS with habitat loss (Fahrig, 2003; Betts
et al., 2019). The effects of area can be isolated statistically
(De Camargo et al., 2018; Watling et al., 2020), but in these
cases, the change in area can swamp any FPS signal (Fahrig,
2003). Theoretical modeling is a useful way to address contested
issues where field data are difficult to collect and are subject
to confounding variables. To this end, simulation models have
been used to study FPS, which represent individual organisms
moving across simulated landscapes (Gunton et al., 2017; Rybicki
et al., 2019; Thompson et al., 2019). However, these studies are
conducted on binary landscapes with the space between the
focal-habitat patches (the habitat type of interest), the matrix,
being a single, usually highly unsuitable, habitat type. Obviously,
binary landscapes are rarely found in nature, and so using
binary habitats likely reduces the relevance and applicability
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of these simulation studies (Fardila et al., 2017). With only a
single matrix habitat, one possible mechanism of FPS benefits
is lost, that of increased habitat diversity. FPS can increase the
diversity of other habitats adjacent to focal-habitat patches, and
that in turn can increase the beta diversity of inhabitants of
the focal-habitat (Fahrig et al., 2019; Rybicki et al., 2019). By
having multiple matrix habitats, edge effects, which are typically
considered a negative mechanism of FPS due to modification of
edge due to changes in microclimate and increased predation
from species outside of the habitat, can have a positive effect
(Betts et al., 2019; Fahrig et al., 2019). In this study, we model
FPS in terms of a single focal-habitat type, as is standard,
but represent the matrix as a mix of different habitat types
with randomized fragmentation and area (Bender and Fahrig,
2005). The multiple matrix habitats allow landscape-level effects
to arise from species differences in their habitat preferences,
thus better reflecting species’ differences in nature (Bollmann
et al., 2005; Betts et al., 2014; Brodie and Newmark, 2019;
Chetcuti et al., 2019).
We use an individual based model (IBM) to provide a
mechanistic assessment of FPS effects on alpha-, beta- and
gamma-diversity, by simulating FPS at the landscape scale. We
did this with multiple matrix habitats, and for species with
differing specializations for, and dependencies on, the different
habitats in the landscape. Dependencies are different from
specialization as they relate to the habitats the species would do
best in and species preference. Specialization on the other hand is
if a species is a specialist or generalist. Even if two species had
the same preference for habitats, the specialist would be more
competitive than the generalist in the preferred habitat, but less
so in less preferred habitats. Having created a complex simulation
with multiple species and habitats, we keep the individual
species simple, to allow clear conclusions to be drawn. We opt
to focus the simulation on the interaction of these different
species types with the landscape to assess if these would lead to
differing effects of FPS on alpha-, beta- and gamma-diversity.
We expect a loss in patch-scale alpha-diversity with FPS, at least
for species favoring the focal-habitat, both because the area of
patches is lower, and because this smaller area should reduce
population viability. Conversely, we predict that FPS will cause
beta-diversity to increase because FPS allows the persistence of
more species among different focal-habitat patches. Furthermore,
FPS will increase the edge-to-area ratio and so the degree to
which the focal-habitat interfaces with matrix habitats. This will
lead to higher beta-diversity of species for whom the focal-
habitat has high suitability due to these species having access
to a greater variety of secondary habitat, reflecting the different
species-specific habitat preferences. This increased edge will also
lead to an influx of species for whom the focal-habitat is less
suitable. These tourist species, also called vagrants (Magurran,
2004; Rickert et al., 2012), could potentially counter some of the
overall loss in alpha-diversity, but lead to higher competition
for species dependent on focal-habitat. Gamma-diversity is a
product of alpha- and beta-diversity. So, depending on the rate
of decline of alpha-diversity compared to the rate of increase in
beta-diversity with FPS, gamma-diversity can increase, decrease
or stay the same.
Therefore, we hypothesize that, (1) Increasing fragmentation
(FPS) of a habitat causes steeper declines in alpha-diversity of
species associated with that habitat due to increased competition
from an influx of “tourist” species from the matrix, and therefore
the gamma-diversity will decrease with FPS. Focal-habitat
dependent specialist species, which are more competitive in the
focal-habitat they find most suitable, will be better able to hold
out against the influx of tourist species. Generalists will be able to
utilize more of the landscape and will coexist with the specialists,
but will decline with fragmentation. Therefore, we hypothesize
that, (2) Declines in alpha-diversity with fragmentation of a
habitat (FPS) will be less steep where the species using that
habitat divide into specialists and generalists, due to decreased
competition, and so gamma-diversity will be either unaffected
or increase with FPS. Additionally, we assess whether results
are consistent at high (40%) vs. low (10%) levels of focal-
habitat cover, testing the fragmentation threshold hypothesis
that FPS should only have a negative effect when habitat
amount is low (Fahrig, 2017; De Camargo et al., 2018). We
include some of the possible factors influencing the impact
of FPS, i.e., reduced competition and higher local habitat
diversity surrounding fragmented patches. We also partially
include edge effects, through the inherent increase in edge with
fragmentation, although we do not include edge effects on
the micro-climate.
MATERIALS AND METHODS
We created a multi-species and landscapes IBM simulation to
assess the emergent properties arising from multiple individuals
and species moving around a landscape containing a high
number of patches and habitats (Figure 1). Our IBM was built
using NetLogo (v6.0.4) (Wilensky, 1999). The model is a discrete-
time, discrete-space model with the landscape being a grid of
habitat cells. The simulation parameters were set up, run and the
outputs analyzed using R version 3.5 (R Core Team, 2018). We
describe the model in the Supplementary Information following
the Overview, Design concepts, Details (ODD), protocol for
describing individual-based models (Grimm et al., 2006, 2010),
but summarize it here.
Generating Habitats and Landscapes
We generated landscapes containing patches of a focal-
habitat and other matrix habitats to allow for exploration
of FPS without confounding variables such as focal-habitat
area loss that is often present in empirical data. We did
this by writing an R script (Supplementary Material 2). The
simulated landscapes were 1000 × 1000 (=10ˆ6) cells in size
and contained habitat patches that were a range of shapes
(Figure 1). We generated eleven habitat types: the focal-
habitat, and ten others comprising the matrix. In keeping
with the known complexity of species habitat associations,
we allowed species to have a diversity of associations with
and use of habitats within the landscape (Betts et al., 2014;
Chetcuti et al., 2019). We generated a new landscape for
every model run.
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FIGURE 1 | A figurative description of the individual-based model, showing how we represented FPS by increasing the number of patches of the focal-habitat (in
black) while keeping its total area the same. We give an example of the ranked suitability for habitats on the right for one species and an example of a random walk in
the middle. The simulation used a baseline model, in which the individuals did not have differing mortality or movement bias for different habitats. We simulated two
other scenarios in which the individuals interact with the habitats according to their assigned suitability. In the first scenario, the habitat modified mortality and
individuals showed biased movement. The second scenario was the same, with the addition that half of the species were specialists and half generalists. We defined
specialists and generalists as the former being more competitive in preferred habitats and less competitive in non-preferred habitats compared to generalists.
We generated fragmented landscapes by increasing the
number of focal-habitat patches – being contiguous cells of the
focal-habitat – while keeping the overall, landscape-level area
of focal-habitat constant. We increased the number of focal-
habitat patches following a geometric series, starting with four
patches (allowing calculation of beta-diversity), up to a maximum
number of patches. Patches were spatially separated by at least
two cells. The maximum number of patches was defined as when
the patches were a minimum size of four cells. We considered
fragmentation in landscapes where the focal-habitat covered 10%
or 40% of the landscape. When the focal-habitat covered 10% the
maximum number of patches was 6250. For 40% cover, we used
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a maximum number of patches of 8192, less than the theoretical
maximum, but ensuring computational feasibility. For the focal-
habitat, we imposed the number of patches and percentage
habitat cover. The patches were located in the landscape by
generating random coordinates (seeds) for starting locations
using the R package “mobsim” (May et al., 2018). Our program
then grew patches around the seeds by selecting adjacent cells at
random. Patches grew until the area of the focal-habitat (“habitat
one”) reached the required amount (10% or 40% of the total
cells in the habitat). The size of each patch was determined
by using a uniform distribution allowing for a range of patch
sizes. The program repeated the procedure for habitats two to
eleven (in a random order) one at a time to fill remaining
space. Each matrix habitat had between one and 200 patches
and each covered a uniform random proportion of the matrix.
This process was sequential; once patches of a habitat could grow
no more, then that habitat was considered complete and the
next randomly chosen habitat was grown. The last habitat was
distributed differently, so that it filled all the remaining matrix.
Multi-Species Landscape Model
Description
Our simulation had much in common with other IBMs, such
as random-walking species, density-dependence at a cell scale,
random distance of movement up to a maximum distance and
random starting locations (Fahrig, 2001). To test our hypotheses,
the simulation modeled different species types; which were not
based on real species but designed to vary realistically in key
characteristics while having the same dispersal ability. In the
baseline model (which could be considered a type of neutral
model) these species were identical, and were defined only by
unique identifiers. In the two more complex models, we varied
species in terms of their habitat-biased movement and habitat-
modified mortality. To do this, we assigned each species a
different set of associations with the eleven habitats. We did
this by randomly ranking each of the eleven habitats from one
(most suitable) to eleven (least suitable), and doing this anew
for each species. Preference, dependence, association or ranked
suitability, as used in this paper, are simply the rank value a
habitat had for a species.
Individuals of each species (see “Modeled scenarios”
concerning assignment of individuals to species) moved with
a random walk in the baseline scenario and a habitat-biased
random walk in the other scenarios (see “Modeled scenarios”).
At each time-step the simulation iterated through individuals
in random order so that the simulation did not always assess
the same individuals first within each time-step. This random
order was important when the population was over the carrying
capacity and when assessing density-dependent mortality. To
simulate density-dependent mortality, if a cell had more than
two individuals after the movement phase in each time step, all
but two individuals, chosen at random, died. Where movement
and mortality were habitat-biased we used a logistic function
defined by a midpoint and slope to determine a multiplier
between zero and one for each habitat (Figure 2). The multiplier
for habitat-modified mortality increased the probability of
dying in a time-step for individuals in less suitable habitats. The
habitat-biased movement multiplier modified the probability
of moving into a cell of a habitat, giving bias toward preferred
habitat, but still allowing individuals to move into other habitats.
Each individual did this by counting the cells of each habitat in
the circle around it defined by the maximum movement distance
(Figure 1) and multiplying these by the bias multiplier. Each
habitat was then assigned a proportion of values between zero
and one and a random number generated between zero and
one selected a habitat (Figure 3). The probability of individuals
moving to any point in the circle was equal in the baseline
model. In the other scenarios with habitat-biased movement,
individuals were more likely to choose to move into the habitat
more preferred (those with a higher ranking) by their species
within the circle around it.
We chose a maximum movement distance of individuals of
five cells per time-step and 5 × 10−4 chance of reproducing
during a time-step. These arbitrary values are realistic for
different species. For example, based on allometric equations
(Sibly et al., 2013) this could relate to: invertebrates if a cell
was a meter and the time-step a minute, resulting in ∼5 m
per minute and ∼260 offspring a year (525,600 min in a
year × 5 × 10−4 = 260);, or birds or mammals if a cell was
a kilometer and the time-step an hour, resulting in ∼5 km
per hour and four offspring a year. To stop our simulation
from running longer than the 24-h time-limit of the JASMIN
HPC cluster LOTUS (Lawrence et al., 2013) we used, we chose
a carrying capacity of 4000 individuals in the landscape. We
implemented the carrying capacity by increasing the chance
of dying for all individuals when numbers were higher than
the carrying capacity. We added a bounding area around the
edge of the landscape of 10 cells wide with each cell in the
area being randomly assigned a different habitat, to prevent
species with biased movement from being influenced by the
edge of the simulation. This created an invisible edge with
individuals remaining or leaving the landscape. Individuals that
left the landscape died.
Modeled Scenarios
We generated 400 species per simulation run, starting with
ten individuals of each species. In the baseline scenario, all
had identical mortalities, fecundities and movement abilities,
and no habitat preferences. In the other two models, species’
were given ranked habitat suitabilities as described above, and
these were generated anew for each simulation run using the R
packages “gtools” (Warnes et al., 2018) to permute the order of
the vector 1:11 to give a rank for each habitat and “prodlim”
(Gerds, 2018) to avoid repeating a particular ranking for >1
species within a simulation run. For the habitat-dependency
model, each species had movement and mortality modified by
their habitat suitability (Figure 2). In the specialization scenario,
we compared the effect of FPS on specialists and generalists.
In this case, we created 200 of each type of species, using the
values in Figure 2 for the logistic slope for habitat bias and
mortality. Specialist species had a slope value of one, and a
higher bias toward more suitable habitats but higher mortality
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FIGURE 2 | Values used for the logistic slope within each scenario for habitat-biased movement and mortality. The graph shows the effect the slopes have on the
multiplying values used to bias the movement toward more suitable habitat and to increase mortality in less suitable habitat. There is mortality due
density-dependence and from being over the carrying capacity of the whole simulation. The habitat-modified mortality is additional mortality above the normal levels.
To link levels of additional mortality to that of the reproductive rate, the habitat mortality is multiplied by the reproduction rate 5 × 10-4 to give the additional amount
of mortality. We used the same scenarios and values for 10 and 40% cover simulations. The specialist species were more competitive in more suitable habitats than
the species in the habitat-dependency model and those more so than the generalists. Competitiveness was reversed in less suitable habitat.
FIGURE 3 | A representation of how each individual chose where to move to in a time-step. It did this by multiplying the proportion of each habitat in a circle around
it up to the maximum movement distance, by the bias multiplier. The values were normalized and stacked and then a random number between zero and one was
drawn which selected the habitat. The individual then moved to a random cell of that habitat within the maximum movement distance.
in less suitable habitats than the generalists, which were species
with a slope of 0.5.
We carried out preliminary simulation runs using four
patches of the focal-habitat. We used these runs to calibrate
the model, choosing values for habitat movement bias and
modified mortality that allowed the simulation to run for
200,000 model time-steps and from these runs we realized the
need to include a carrying capacity to limit the population.
This number of time-steps allowed the number of species
to reduce to close to the equilibrium number of species
(i.e., if the model ran until no more species were lost),
and allowed time-efficiency in running multiple models.
Each scenario and FPS level combination was repeated 50
times. Seventy-one runs failed due to java issues on the
clusters, resulting in the minimum number of replicates
being 45.
Alpha-, Beta- and Gamma-Diversity
We calculated diversity scores for the focal-habitat only,
habitat one, reflecting our focus on impacts of fragmentation
of a single habitat type. At the end of the simulation, we
counted species within each patch of the focal-habitat. We
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then calculated the focal-habitat gamma-diversity, mean
alpha-diversity per patch and mean pairwise (between pairs
of patches) beta-sim-diversity (Barwell et al., 2015) using
the R package “vegan” (Oksanen et al., 2019). We used
beta-sim-diversity as it is considered the best metric for
presence-absence data and is unaffected by sample size,
which could be an issue here as our patches got smaller with
FPS and therefore included fewer individuals (Koleff et al.,
2003; Barwell et al., 2015). For the habitat-dependency and
specialization models, we classified species into three groups:
high suitability, those for whom the focal-habitat was highly
suitable (rank one to three); low suitability (rank nine to
eleven); and moderate suitability (all other species). The
moderate suitability was therefore a bigger group and could
contain more species.
Analysis of Results
We analyzed the effect of FPS on species diversity using
generalized linear models for gamma-diversity (with a Poisson
distribution) and alpha-diversity (with a gamma distribution),
and beta regression for beta-diversity (“betareg”) (values between
zero and one) (Cribari-Neto and Zeileis, 2010). FPS was
represented by the number of patches (on a log scale in the
case of the beta-diversity, see Supplementary Information).
Differences between pairs of scenarios were tested by including
both scenarios and creating interaction terms. Due to the
simulation nature of our study, using p-values is not advisable
as significance can be forced simply running more replicates
(White et al., 2014). We instead focus on effect size and 95%
confidence intervals. The effect size is usually calculated over
an increase of a unit of the independent variable. In our study
this would be a single patch but this slight increase is not
very informative. It is more appropriate to consider the effect
size over the range of FPS simulated. We calculated the effects
over the range of FPS using the R package “effects” (Fox, 2003;
Fox and Weisberg, 2019).
RESULTS
Considering all species found across the focal-habitat patches,
gamma-diversity increased with higher FPS in all models.
In the baseline (neutral) model, where habitat did not
influence movement or mortality, we observed that individuals
became scattered randomly across the landscape. As a result,
individual species became more concentrated by chance in
different locations through random movement combined with
reproduction, and conversely, became vacant from other parts;
this resulted in increasing beta-diversity with higher FPS
(Supplementary Figure 1). Because the species were equivalent
in the baseline model, individual species only went extinct
through stochasticity. The gamma-diversity, therefore, remained
high after the 200,000-time-steps of the simulation. Although
there was a positive effect of FPS on gamma-diversity in
the baseline model, the 95% confidence interval of the slope
included negative values and the effect size was low (Figure 4).
By contrast, the FPS showed an increasing positive effect on
gamma-diversity in the habitat dependency and specialization
models; increasing gamma-diversity by 2.7 and 4.5 species,
respectively, over the full range of fragmentation. In these habitat
dependency and specialization models, the mean pairwise beta-
diversity between patches increased faster than mean patch
alpha-diversity declined with increasing FPS. When the focal-
habitat had low FPS, beta-diversity was low, as the few large
patches contained similar sets of species. As FPS increased, beta-
diversity increased because there were more patches, and these
were possibly in different landscape settings that suited different
sets of species. By contrast, in the baseline model, the movement
and mortality of species did not differ among the habitats,
and so the species distributed across the landscape through
stochastic processes only. Therefore, more patches in different
landscape settings made no difference to the beta-diversity in
the baseline model and gamma-diversity only increased slightly
due to the increased number of patches sampling more of
the landscape (+ 0.69 species). All results were qualitatively
the same for high (40%) and low (10%) overall focal-habitat
cover (Supplementary Tables 1–3). So, we present results for
10% cover results here, while those for 40% cover are in
Supplementary Tables 4–6.
The habitat-dependency and specialization models had
differences in habitat-dependent mortality and movement bias
among species. This led to lower gamma-diversity values than
in the baseline model as the species were more rapidly sorted
in space and species less suited overall to the specific landscape
of a simulation run died out. In these models, we observed
that particular species became concentrated in areas of the
landscape through their habitat associations (Supplementary
Figure 1). In many cases, a few species dominated single habitat
patches. In the specialization model, the gamma-diversity of the
specialists and generalists together summed to give a higher
overall gamma-diversity than in the simpler habitat-dependency
model (Figure 4).
Considering the different species groups in the habitat-
dependency model, the focal-habitat gamma-diversity of the
species for whom the focal-habitat had low or moderate
suitability increased with FPS (Figure 5). This was as expected,
as the increased edge-to-area ratio under FPS would mean more
of these species moved into focal-habitat patches by chance.
Interestingly the gamma-diversity of species for whom the focal-
habitat had high suitability declined with FPS. The reduction
in gamma-diversity over the whole range of FPS was, 2 species,
amounting to a 25% reduction. This reduction was also due
to a greater amount of edge with higher FPS. In this case this
greater edge meant these species were more likely to leave focal-
habitat patches and also to be excluded from these patches by
the influx of those species for whom the focal-habitat had low
or moderate suitability.
In the specialization model, the gamma-diversity of the
species for whom the focal-habitat had high suitability did not
change with FPS. In contrast to the simpler habitat-dependency
model, the specialist species were more competitive in habitats
to which they were suited, so they were better able to resist
species that found the habitat less suitable and their beta-
diversity increased at a rate similar or slightly greater than the
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FIGURE 4 | Mean patch scale alpha-diversity, mean pairwise beta-diversity and gamma-diversity for all species in the focal-habitat at 10% cover, with fitted lines and
standard errors. Gamma-diversity increased with the number of patches (albeit not greatly for the baseline model), which represents FPS. In all cases, alpha-diversity
declined, and beta-diversity increased.
decline in alpha-diversity, so gamma-diversity did not decline
(Figure 6). The generalist species for whom the focal-habitat
had high suitability also did better under high FPS than the
species in the habitat-dependency model (which had neither
specialists nor generalists), as they were able to use more of the
wider landscape.
DISCUSSION
This study helps to inform the debate on the effects of FPS on
biodiversity (Fahrig, 2017; Fletcher et al., 2018a; Fahrig et al.,
2019; Thompson et al., 2019). FPS had no effect or a positive effect
on overall gamma-diversity of the focal-habitat across the patches
in a landscape, but the gamma-diversity of species for which the
habitat had high suitability could decline with FPS depending
on species characteristics with respect to specialization and
competitive ability. Our results were consistent when contrasting
landscapes with relatively low (10%) to relatively high (40%)
cover by the focal-habitat, suggesting some generality.
We found that beta-diversity and gamma-diversity increased
overall even without differences among species in habitat
specializations. In the baseline the increase in gamma-diversity
was negligible, with a possible small increase caused by patches
covering more of the landscape with FPS and increasing sampling
of species which were aggregated through limited dispersal as
predicted by neutral theory (Hubbell, 2011). Despite overall
increases, in the habitat-dependency model, the gamma-diversity
of species for whom the focal-habitat was highly suitable declined
with FPS, while these species did not decline in the specialization
model. In the habitat-dependency model, the species for whom
the focal-habitat was highly suitable were likely under pressure
due to the influx into the more fragmented patches by species for
whom the habitat was less suitable, and the beta-diversity increase
of these species suited to the focal-habitat did not outweigh the
loss in alpha-diversity, so gamma-diversity declined.
In the specialization model, the specialists were more
competitive against other species in the focal-habitat and
therefore their beta-diversity increased at a similar rate to the
decline in alpha-diversity decline with higher FPS, resulting in no
change in the specialist species gamma-diversity with FPS. The
gamma-diversity of the generalists did not decline, probably due
to competitive release, or as they were better able to use multiple
habitats outside of the focal-habitat. These findings indicate
that the effect of FPS is context dependent. More competitive
(specialist) species did not decline with FPS. But, the gamma-
diversity of those species suited to the focal-habitat, but which
were not more competitive there (in our habitat-dependency
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FIGURE 5 | Gamma-diversity for three groups of species – those for whom the focal-habitat had high, moderate, or low suitability – for the habitat dependency
model (habitat bias and mortality slope 0.75) and specialization model (habitat bias and mortality slope 1 and 0.5, respectively). Gamma-diversity increased with FPS
in both models for the species who for whom the focal-habitat had low or moderate suitability, and those for whom the focal-habitat had high suitability in the
specialization model. By contrast, in the habitat dependency model, gamma-diversity declined with increasing FPS for the species for whom the focal-habitat had
high suitability.
model) did decline with FPS. Such patterns might arise in nature
where environmental change could cause species to become less
competitive in their preferred habitat and therefore become more
affected by FPS. For example, increased nutrients or climate
change can change competitive abilities (Staley et al., 2011;
Lancaster et al., 2017). Future studies might conduct simulations
considering FPS more explicitly with such environmental change.
It is often assumed that less competitive species have increased
dispersal efficiency (Bonte et al., 2012). For simplicity, we did not
include such differences in dispersal ability. If we had, we suggest
a negative effect of FPS would be less likely as the generalists with
increased dispersal would be able to better utilize other areas of
the landscape. This could be explored in future studies.
Habitat dependency and the degree of specialization of species
were very important in changing the direction of the relationship
of gamma-diversity to FPS, suggesting information on species’
habitat relationships are critical to planning landscape-scale
conservation. In terms of conservation, it is often the less
competitive species, with high dependencies on specific habitats
that are of highest concern and that are the targets for
conservation (Carrete et al., 2010; Fletcher et al., 2018b). The
effect fragmentation has on these species should, therefore, be
assessed and this might determine how the landscape should
be managed to conserve these species. Doing so will have
consequences for species in other (“matrix”) habitats, however,
and the resulting trade-offs should be analyzed and considered.
Fragmentation per se creates smaller patches, which have lower
mean alpha-diversity as shown in our modeling. Lower alpha-
diversity has a negative effect on ecosystem functioning at the
patch scale, but beta-diversity has been suggested as important
at a larger scale in supporting multiple ecosystem functions
(Mori et al., 2018). Our model used a series of static landscapes.
Dynamic landscapes could be simulated in different ways, but
if we had simulated dynamic landscapes that changed over
time, without species arriving at the edge of the model domain,
species diversity could not have increased. As patches are
removed, moved or shrunk, some species would be extirpated,
possibly with a lag (extinction debt). Without new species, the
resulting colonization credit (Jackson and Sax, 2010) would go
unfulfilled. A further implication of this, is that if fragmentation
is happening over a large enough scale or in an isolated
landscape, colonization may not be able to counter the debt.
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FIGURE 6 | Gamma-diversity for those species for whom the focal-habitat had high suitability for the specialization model (habitat bias and mortality slope 1 and 0.5,
respectively) showing specialists and generalists separately. Gamma-diversity increases with FPS for both specialists and generalists in all cases.
If our simulation provided for colonization, we would expect
the result of dynamic landscapes to be similar to that of our
static landscapes.
We generated species and habitats at random, meaning
our results are general and not specific to any real landscape
or communities. Our simulations do not show whether any
particular species would be retained or, conversely, lost with
increasing FPS. We used a large species pool of potential
diversity, providing each simulation run with 400 randomly
generated species. We also randomly generated the habitat
matrix between the patches of the focal-habitat, always having
ten other habitats. Given the importance of the intervening
habitat matrix in determining what species are in the landscape
and how species move between patches (Brodie and Newmark,
2019; Chetcuti et al., 2019), future studies might look at the
matrix specifically, non-randomly generating habitat matrices
and including different mixes of anthropogenic and semi-natural
habitats (Fletcher et al., 2018a). Our baseline model represented
movement as a random walk, and we introduced bias based on
habitat suitability in the more complex models. In reality, many
organisms show complex movement behavior (Gurarie et al.,
2016), which is likely to be important in modeling how FPS
affects biodiversity and could be a focus of future research. If
our results are representative of the ways in which introducing
greater ecological complexity (movement, multiple habitat types,
habitat dependency and specialization) can affect conclusions
about FPS effects on species diversity, then they have important
consequences for practical conservation. The habitat dependency
model shows fragmentation can have strongly negative effects
on (gamma) diversity. But where the biota shows strong
division of species into specialists or generalists, gamma-diversity
may be unaffected by fragmentation as long as the landscape
contains a diversity of habitats. Considering how we define
species as specialist or generalist and using analysis of habitat
association, conservation efforts could be focused on mitigating
fragmentation for those species groups that may be negatively
affected by a fragmented landscape. Further, specialization could
be looked at from the emergent perspective of species appearing
specialist because of the other species in the landscape or the
structure of the landscape. In the absence of more competitive
species, such as on islands or isolated parts of the landscape,
specialist species may utilize a broader range of habitats and
benefit further from a heterogeneous landscape of resources and
habitats.
This theoretical modeling considered FPS in heterogeneous
landscapes, unpicking some of the mechanisms that can cause
gamma-diversity to increase or decrease with FPS. Interestingly,
we found that FPS could have a positive, negative or no effect
on gamma-diversity, suggesting there is no simple answer to the
question; is habitat fragmentation good or bad for biodiversity
(Fletcher et al., 2018a; Fahrig et al., 2019). Species that were
highly suited to the focal-habitat showed declining gamma-
diversity with fragmentation, but where we added characteristics
separating species into specialists and generalist, both did better
under FPS. A key process was species’ movement; for example
species suited to the focal-habitat declined with FPS in the
habitat-dependency model, as they were unable to hold out
against increasing influxes of species for whom the focal-habitat
had lower suitability. Our research opens new avenues for
research into how species demography and movement in relation
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to the focal-habitat affect biodiversity responses to FPS. Species’
specializations, habitat preferences and demography in different
habitats (Chetcuti et al., 2019) should be taken into consideration
when planning conservation as well as considering that under
some circumstances FPS may lead to the conservation objectives
of increased beta-diversity.
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